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Pap^  s He 

i have  divide/ -my  subject  into  four  separate  parts.  In  the 


ft 


first,  -I  review  some  of  the  historical  developments  of  beam-foil 
Are  review^ 

spectroscopyAand  ■jw-  examples  from  various  stages  in  th^  increas- 


a re  $ t've*.  par^ 

ing  sophistication  of  the  experiments/.  -hr£Jie  second  concentrates 


car' 


on  the  determination  of  spectra  from  different  stages  of  ioniza- 

'» s.  cfmterreH  wi'lk 

tion  of  various  elements.  ■frr-<£)ie  third^j^tonr  my  attention -to- - 


the  determination  of  the  lifetimes  of  excited  electronic  states. 
Finafl  jh^T^sav  ^ 


^problems  which  will  occupy  beam- 
foil  groups  in  the  near  future,  a I should  say  that  it  will  be  neces- 


sary  for  me  to  omit  certain  important  topics,  especially  t he  pheno- 
mena of  quantum  beats  and  the  emission  of  Auger  electrons.  For- 


tunately, we  will  hear  later  in  the  week  from  Jurgen  Andra,  whose 


paper  will  be  devoted  to  quantum  beats.  For  the  latter  subject,  I 
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refer  you  to  a recent  paper  by  I.  Sell  in. 

While  the  general  arrangement  of  beam-foil  experiments  is 
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probably  knov.'n  to  you,  let  me  refresh  your  memories  by  referring  to 
Fig.  1.  We  see  that  there  is  an  accelerator  which,  for  illustrative 
purposes,  is  taken  to  be  a Van  de  Graaff  accelerator,  but  which 
could  be  any  kind  of  positive  ion  machine.  Isotope  separators  and 
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linear  accelerators  have  been  used  quite  commonly  for  beam-foil 
experiments.  The  range  of  particle  energies  over  which  the  work 
has  been  done  extends  from  as  low  as  50  keV  up  to  110  MeV,  and  an 
experiment  has  now  been  approved  for  the  Super  Hi lac  at  Berkeley 
In  which  the  beam  will  be  iron  at  500  MeV.  Needless  to  say,  the 
questions  of  interest  change  as  one  varies  the  particle  energy  over 
so  wide  a range. 

When  the  beam  emerges  from  the  machine,  some  kind  of  deflec- 
tor is  used  so  as  to  extract  that  particular  component  which  one 
wants  to  use.  That  component  then  enters  a target  chamber.  The 
target  chamber  is  some  sort  of  can  in  which  the  target  is  always 

the  same,  namely,  a thin  film  of  carbon.  By  thin,  I mean  that  the 

2 

thickness  is  about  5 to  10  nicrog/cm  for  most  of  the  experiments. 
The  beam  passes  through  the  foil  and  emerges  in  various  stages  of 
Ionization  as  well  as  excitation.  Excited  systems  decay  to  lower 
states  with  the  emission  of  light;  that  light  is  then  examined  with 
some  sort  of  optical  device.  What  is  indicated  in  this  particular 
figure  is  a fast  spectrograph  with  photographic  recording;  it  rep- 
resents the  Meinel  spectrograph  which  we  used  in  many  of  our  early 
experiments.  In  recent  years  we  have  turned  to  photoelectric  re- 
cording, and  have  used  a variety  of  types  of  spectrometers,  in- 
cluding normal-incidence,  Seya-Namioka,  and  grazing-incidence  de- 
vices. 

Figure  2 shows  what  happens  when  a beam  of  nitrogen  with  an 
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energy  of  2 MeV  passes  through  the  carbon  foil.  The  beam,  which 
Is  entirely  invisible  when  it  enters  the  target  chamber,  becomes 
luminous  as  a result  of  its  interaction  with  the  foil.  It  is  this 
light  which  is  the  subject  of  our  studies. 

Me  may  summarize  the  principal  properties  of  the  beam-foil 
light  source  as  follows: 

1.  One  can  examine  every  element  in  the  periodic  table,  since 
all  elements  can  be  accelerated  in  some  kind  of  particle 
accelerator. 

2.  By  changing  the  particle  energy,  one  can  vary  the  number 
of  electrons  which  are  removed,  so  that  even  highly  - 
ionized  atoms  become  accessible. 

3.  The  light  originates  in  a vacuum,  which  means  that  radia- 
tions in  the  vacuum  ultraviolet  can  be  studied  merely  by 
connecting  the  target  chamber  to  a vacuum  spectrometer. 

4.  The  constant  velocity  of  the  emitters  means  that  one  can 
determine  the  temporal  change  in  the  population  of  an 
excited  spectroscopic  term  merely  by  measuring  the  inten- 
sity of  an  appropriate  spectral  line  as  a function  of  dis- 
tance downstream  from  the  exciter  foil. 

5.  It  is  a simple  matter  to  apply  external  field  to  the  ra- 
diating particles. 

6.  There  is  no  residual  gas  to  cause  collisional  damping  of 
the  excited  terms. 
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7.  There  is  a complete  absence  of  the  bremsstrahlung  back- 
ground which  is  present  in  traditional  sources  of  light 
from  ions. 

8.  By  paying  careful  attention  to  the  acceleration  and  particle- 
selection  processes,  one  can  produce  emitters  of  unusually 
high  chemical  purity. 

2 

Figure  3 shows  some  early  spectrograms  made  with  a fleinel 
instrument.  The  beam  is  nitrogen.  It  is  traveling  upward  in  each 
of  these  photographs.  Each  streak  of  light  represents  a photo- 
graph of  the  spectrometer  slit,  illuminated  by  the  several  wave- 
lengths radiated  by  the  particle  beam.  Figures  a,  b,  and  c cor- 
respond to  different  energies:  0.5,  1.0,  and  2.0  MeV,  respectively. 

One  sees  immediately  that  many  spectral  lines  were  excited  and  that 
their  relative  intensities  varied  significantly  as  the  particle 
energy  was  changed.  One  can  also  see  that  some  lines  are  rather 
long,  while  others  disappear  quite  quickly.  Thus  one  finds  im- 
mediately that  there  is  a large  variation  in  level  lifetimes.  On 
the  other  hand,  it  is  also  clear  that  the  photograph,  while  cap- 
turing a wealth  of  information  in  a single  exposure,  suffers  from 
a serious  handicap.  Most  of  these  lines  are  so  overexposed  that  it 
Is  Impossible  to  get  reasonable  intensity  information  from  a densi- 
tometer tracing.  In  fact,  some  lines  which  are  not  overexposed 
along  part  of  their  length  are  overexposed  along  another  part  of 
their  length.  Thus  it  becomes  a Herculean  task  to  obtain  quantitative 
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Infomation  about  line  intensities  or  variation  in  line  intensity 
along  the  path  as  seen  in  a particular  wavelength. 

These  spectrograms  illustrate  another  unavoidable  feature  of 
the  beam- foil  source.  You  will  note  that  the  lines  in  the  bottom 
picture,  taken  at  2 MeV,  show  quite  a slant  towards  the  long  wave- 
length end  of  the  scale  relative  to  what  one  sees  in  the  top  picture 
at  0.5  MeV.  This  slant  originates  from  the  Doppler  effect,  which  has 
serious  consequences  for  beam-foil  spectroscopy. 

Figure  4 illustrates  the  origin  of  this  characteristic.  Here 

o 2 

we  see  at  6563  A from  a rather  long  length  of  the  beam.  The 

optical  system  sees  the  light  which  comes  from  points  close  to  the 

foil  as  bl  ue-shifted,  while  points  far  downstream  give  light  which 

Is  red-shifted.  In  the  case  which  is  displayed,  the  total  shift 

O 

from  one  end  of  the  line  to  the  other  is  some  20  A.  This  is  rather 
extreme,  in  that  quite  a long  length  of  beam  is  involved.  The  fact 
is  that  every  finite  length  of  beam  gives  rise  to  this  Doppler  shift 
from  one  end  to  the  other.  If  one  looks  at  a short  beam  segment, 
the  line  is  Doppler-broadened. 

Another  source  of  Doppler  broadening  is  illustrated  in  Fig.  5. 
Here  we  see  that  the  finite  acceptance  aperture  of  the  optical  de- 
vice Introduces  a Doppler  broadening  even  for  light  which  comes 
from  a single  point  on  the  beam.  In  practical  terms,  the  Doppler 

o 

broadening  for  wavelengths  in  the  vicinity  of  5000  A can  easily  be 
10  A,  a situation  which  is  clearly  intolerable  if  one  is  to  do 
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spectroscopy  with  any  reasonable  degree  of  precision.  We  will  see 
In  a moment  that  it  is  possible  to  remove  these  gross  Doppler  ef- 
fects and  thereby  obtain  fairly  good  line  shapes,  but  two  residual 
problems  remain.  One  is  that  scattering  by  the  foil  or  any  other 
source  of  divergence  or  convergence  of  the  luminous  beam  introduces 
an  Inescapable  Doppler  broadening.  The  other  is  that  if  one  does 
not  know  the  viewing  geometry  with  respect  to  the  beam  to  high 
precision,  and  one  rarely  knows  that,  one  can  introduce  Doppler 
shifts  of  the  spectral  line  even  if  there  isn't  any  broadening.  Such 
shifts  complicate  calibration  of  the  spectrometer  and  the  identi- 
fication of  the  spectral  lines. 

3-5 

Stoner  and  Leavitt  introduced  a clever  method  of  compensa- 
ting for  the  Doppler  broadening  that  has  an  origin  in  the  finite 
length  of  beam  which  is  viewed.  In  Fig.  6 we  show  a grating  which  is 
Illuminated  by  light  from  either  a fixed  source  or  a moving  source. 
Light  rays  from  the  fixed  source  follow  the  solid  lines  to  the  gra- 
ting and  then  to  a focus  in  the  exit  plane  of  the  instrument.  How- 
ever, If  the  source  of  light  is  moving,  an  emitter  which  is  on  the 
upstream  side  of  the  entrance  slit  looks  to  the  spectrometer  as 
though  It  is  too  blue  and  it  therefore  follows  the  dashed  line 
marked  MB".  However,  if  the  light  comes  from  the  downstream  side  of 
the  beam  it  looks  too  red,  and  it  follows  the  dashed  line  marked 
"R".  What  we  see  Is  that  these  light  rays  have  a new  focus  which 
differs  from  the  position  of  the  conventional  focus.  Stoner  and 
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Leavltt  calculated  the  amount  by  which  the  exit  slit  has  to  be  moved 
to  compensate  for  this  particular  Doppler  effect  and  some  results 
are  shown  in  Fig.  7. 

3 

In  Fig.  7,  see  data  taken  with  a 4 MeV  beam  of  nitrogen.  The 
lines  under  investigation  come  from  N IV,  or  three  times  ionized 

O 

nitrogen,  in  the  vicinity  of  3500  A.  The  open  circles  show  the 
kind  of  data  that  we  were  taking  prior  to  the  application  of  the 
Stoner-Leavitt  refocusing  compensation.  The  solid  dots  show  the 
clear  advantage  of  moving  the  exit  slit  to  a point  which  is  appro- 
priate to  the  speed  of  the  emitters  and  the  wavelengths  of  the  light 
being  detected. 

Still  another  Stoner-Leavitt  method,®  shown  in  Fig.  8,  permits 
one  to  reduce  the  effect  of  the  finite  entrance  aperture  into  the 
spectrometer.  Here  we  have  a lens  between  the  beam  and  the  entrance 
slit.  The  focal  length  of  the  lens  is  so  selected  that  the  red- 
shifted  or  blue-shifted  light  is  refracted  by  just  enough  to  have 
the  rays  which  leave  the  grating  travel  along  the  same  path  as  the 
central  ray.  Using  this  intensity  enhancement  idea,  we  obtain  re- 
sults such  as  appear  in  Fig.  9. 

We  look  again  at  those  lines  in  nitrogen  which  we  saw  a moment 
•go.  With  the  conventional  arrangement,  we  get  the  upper  pattern. 
With  an  intensity-enhancement  lens  in  place,  we  see  the  lower  pat- 
tern. Now  the  linewidth  in  the  lower  pattern  is  not  so  good  as  in 
the  upper  part,  but  I call  your  attention  to  the  fact  that  the  same 
running  time  with  the  same  beam  strength  gave  a peak  intensity  of 
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almost  4000  counts  in  contrast  to  the  160  or  170  counts  from  the 
conventional  geometry.  Thus  the  line  intensity  has  been  enhanced 
by  a factor  of  about  20  at  some  cost  in  line  width.  Since  there 
are  many  cases  where  the  lines  are  isolated  but  still  weak,  inten- 
sity enhancement  can  be  quite  useful.  Of  course  one  is  restricted 
to  the  wavelength  range  where  a lens  can  be  used,  which  means  a 

O 

practical  lower  limit  in  the  neighborhood  of  2000  A. 

Early  in  this  paper,  I pointed  out  that  one  of  the  advantages 
of  the  beam- foil  source  is  that  one  can  see  light  from  a number  of 
different  stages  of  ionization  of  an  element.  A disadvantage,  how- 
ever, is  that  several  stages  of  ionization  are  present  at  the  same 
time,  so  that  one  has  to  find  a way  of  associating  a given  spectral 
line  with  the  particular  stage  of  ionization  from  which  it  coues. 

To  do  so,  we  make  use  of  the  fact  that  the  target  chamber  is  at 
ground  electrical  potential,  which  makes  it  simple  to  subject  the 
radiating  beam  to  an  external  electric  field.  If  the  field  is 
transverse  to  the  beam  velocity,  the  beam  is  deflected  sideways 
by  an  amount  which  depends  upon  the  charge  on  the  particle.  An 
early  example  of  this  work^  appears  in  Fig.  10.  Here  a collimated 
beam  of  nitrogen  with  an  energy  of  2 MeV  is  deflected  to  the  side 
by  a transverse  field  of  75  kV/cm.  The  beam  is  very  clearly  split 
Into  two,  the  upper  one  consisting  of  absolutely  pure  singly-ionized 
nitrogen,  the  lower  one  being  a beam  of  doubly-ionized  nitrogen. 

If  one  then  does  spectroscopy  on  those  separated  beams,  there  is  no 
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question  as  to  the  stage  of  Ionization  from  which  the  observed  wave 
lengths  come. 

Figure  11  shows  the  first  data  that  were  ever  obtained  in  this 
fashion. ^ Again  we  used  a Meinel  spectrograph,  which  was  so  ar- 
ranged that  light  from  beams  that  were  not  deflected  very  much 
appeared  towards  the  top  of  the  photograph  whereas  light  which  came 
from  beams  with  greater  deflection  showed  at  lower  points  on  the 
plate.  We  see  a clear  separation  of  spectral  lines  coming  from 
N II,  III,  and  IV.  We  have  also  used  several  modifications  of  this 

O 

basic  method.  In  the  one  used  most  recently,  we  employed  a spec- 
trometer, but  took  advantage  of  the  fact  that  there  is  a spatial 
separation  of  the  beams  of  light  in  the  exit  plane  of  the  spectro- 
meter just  as  there  is  in  the  entrance  plane.  We  can  then  move  a 
small  slit  along  the  exit  aperture  and  pick  up  light  from  different 
positions,  which  permits  us  to  determine  the  charge  of  the  emitter. 
As  of  this  point  our  greatest  success  has  been  with  identifying 

O 

light  from  ten-times  ionized  krypton.  That  approach  tends  to  be 

a bit  time  consuming,  but  I think  that  we  can  simply  cover  the  exit 

slit  with  a position-sensitive  detector  which  has  good  spatial  reso 

lution  and  thereby  reduce  the  labor  by  quite  a bit. 

g 

A related  method  is  shown  in  Fig.  12.  Here  the  beam  is  de- 
flected toward  or  away  from  the  spectrometer  so  that  there  is  a 
Doppler  shift  which  is  proportional  to  the  charge  on  the  emitter. 
Some  data  appear^®  in  Fig.  13,  where  we  see  the  wavelength  shift  of 


-10- 


- • 


a line  from  N IV.  You  will  notice  that  the  shifts  are  not  quite 
symmetric  for  the  red  and  blue  cases.  This  is  the  result  of  chang- 
ing the  detector  geometry  when  the  beam  is  deflected  towards  or 
away  from  the  spectrometer. 

One  last  example  of  this  kind  of  work  is  shown  in  Fig.  14, 
where  we  see  some  data  from  krypton.^  These  lines  originate  in 
Kr  VIII  and  X,  that  is  7 and  9 times  ionized  krypton,  respectively. 
While  the  shifts  are  large,  one  also  sees  that  the  intensities  are 
strongly  affected  by  the  application  of  the  field.  That  comes  about 
because  the  particular  spectral  lines  which  you  see  are  mixtures 
of  JL-states;  they  are  subject  to  a special  effect  which  I will  dis- 
cuss later  on  in  quite  a different  connection.  Despite  that  effect, 
which  takes  place  only  for  states  with  rather  large  principal 
quantum  numbers,  one  can  still  determine  the  appropriate  stage  of 
ionization. 

Now  we  have  seen  that  the  photographic  recording  technique  has 
such  limitations  that  the  spectrograph  has  been  largely  supplanted 
by  the  spectrometer.  Nonetheless,  we  also  saw  that  the  spectro- 
gram allows  one  to  see  many  things  at  once,  whereas  the  spectrometer 
is  restricted  to  giving  information  on  a single  spectral  line  or  a 
small  piece  of  radiating  beam  for  any  one  measurement.  I want  to 
conclude  this  first  part  of  my  talk  by  showing  two  more  figures 
based  on  data  taken  with  a Meinel  spectrograph. 
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Figure  15  shows  some  spectral  lines  from  neutral  and  singly 
ionized  helium.^  What  you  will  notice  is  that  the  lines  at  5412, 

O 

4859,  and  4541  A exhibit  a peculiar  behavior.  They  show  a distinct 

break  in  intensity  along  their  lengths.  Those  breaks  do  not 

occur  at  the  same  positions  downstream  from  the  foil,  nor  do  they  have 

the  same  length.  It  appears,  in  fact,  that  the  excited  atoms  or 

ions  giving  these  spectral  lines  simply  ceased  radiating,  and  then 

began  to  radiate  again  a little  further  downstream.  The  patterns 

which  appear  in  Fig.  16,  and  which  also  come  from  helium,  are  even 

12 

more  striking  in  this  regard.  Here  the  lines  at  4859,  4541,  and 

O 

4388  A all  show  repetitive  patterns  of  bright  and  dark  regions. 

These  effects  have  to  do  with  the  quantum-mechanical  interference 
of  short-lived  and  long-lived  components  of  the  parent  spectro- 
scopic terms,  in  these  instances,  under  the  influence  of  a small 
external  electric  field.  These  were  some  of  the  early  observations 
of  the  general  phenomenon  of  quantum  beats  which  Andra  will  dis- 
cuss in  his  paper.  I will  say  nothing  further  about  these  patterns 
except  to  point  out  that  the  qualitative  nature  of  the  data  obtained 
with  a spectrograph  can  sometimes  be  far  more  illuminating  of  a 
complex  situation  than  the  quantitatively  more  satisfying  data 
which  one  can  collect  with  a spectrometer. 

Let  me  now  turn  from  this  historical  survey  of  beam- foil 


spectroscopy  to  some  of  the  modern  quantitative  results  on  optical 
spectra  and  the  structure  of  ions.  I have  already  shown  a few 
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spectra  from  hydrogen,  helium, nitrogen,  and  krypton.  Let  me  illus- 
trate further  the  versatility  of  the  beam- foil  source  by  showing 
data  obtained  in  various  laboratories  from  a variety  of  elements. 

Figure  17  shows  chromium  energized  to  230  KeV  and  observed  in 
13 

the  near  ultraviolet.  There  are  15  or  so  quite  distinct  lines 
which  are  identified  as  coming  from  the  singly-ionized  system. 

This  illustrates  one  of  the  handicaps  of  the  beam-foil  source.  Al- 
though the  particle  velocity  is  low  in  this  instance,  there  are 
no  lines,  or  at  least  no  strong  lines,  from  the  neutral  atom.  Con- 
sequently, it  becomes  quite  difficult  to  make  any  observations  on 
the  neutral  species  although,  of  course,  neutral  atoms  are  of  the 
greatest  interest  in  many  different  phases  of  physics.  If  one 
should  lower  the  bombarding  energy  so  as  to  enhance  the  production 
of  neutrals,  one  faces  the  problem  that  the  particle  energy  loss 
in  the  foils  gets  so  large  that  the  foils  tend  to  break  before  one 
can  get  much  useful  information. 

14 

Figure  18  shows  some  data  taken  on  lead.  In  this  case  we 
were  actually  able  to  observe  lines  from  the  neutral  species,  so  it 
is  not  completely  impossible  to  observe  neutrals.  Some  of  these 
lines  are  of  particular  interest  because  they  are  the  same  ones 
seen  by  astronomers  who  look  at  the  sun  and  from  the  intensities 
of  which  the  abundance  of  lead  in  the  sun  is  determined.  Our  inten 
tion  was  to  measure  the  lifetimes  of  the  parent  levels,  but  this 
requires  knowing  the  particle  velocity.  For  the  case  of  these 
neutrals  we  were  merely  able  to  estimate  the  energy  loss  in  the 
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foils  but  that  is  a very  poor  way  of  getting  at  the  number  of  in- 
terest. Consequently,  we  do  not  consider  that  the  lifetime  values 
we  obtained  were  particularly  reliable.  Our  suspicion  of  those 
numbers  was  intensified  when  we  found  that  we  got  the  same  solar 
abundance  of  lead  as  the  astronomers  did. 

Numerous  other  metallic  elements  have  been  used  in  beam-foil 

1 5 

work.  In  a recent  paper,  Martinson  mentions  some  60  elements, 
including  Li,  Be,  C,  Na,  Mg,  A1 , Si,  K,  Ca,  Sc,  Fe,  Ni , Pb,  and 
Bi.  Many  of  the  rare  earths  have  been  studied,^6"19  as  well  as^® 

Se,  Ge,  As,  Sn,  Sb,  and  Te. 

21 

In  Fig.  19  we  see  some  more  data  for  the  element  krypton. 

Here  the  particle  energy  was  2 MeV  and  the  normal -incidence  spectro- 
meter was  refocused  so  as  to  give  the  best  line  width  permitted  by 

o 

the  beam- foil  source.  As  you  can  see,  that  line  width  is  1.4  A, 
which  is  not  very  good  in  terms  of  classical  optical  spectroscopy. 
There  are  a number  of  unresolved  regions  in  this  spectrum,  and  it 
remains  one  of  the  most  refractory  of  tasks  for  the  beam- foil  com- 
munity to  learn  how  to  resolve  this  type  of  structure.  You  will 
notice  also  that  there  are  identified  lines  from  Kr  VI  and  Kr  IX, 
that  is  to  say,  5 and  8 times  ionized  krypton,  respectively.  The 
identifications,  however,  do  not  contain  any  detailed  spectroscopic 
information,  but  simply  indicate  the  principal  quantum  numbers  of 
the  levels  between  which  the  transitions  occurred.  These  so-called 
"Rydberg  lines"  have  considerable  importance,  and  I will  talk  about 


them  at  length  in  the  next  part  of  this  discussion. 
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Figure  20  shows  some  more  krypton  data,  this  time  taken  with 
5 MeV  particles.  Here  the  stage  of  ionization  has  gone  up  to  9+. 
Unfortunately,  the  line  width  has  also  increased,  since  we  are  here 
in  a longer  wavelength  regime  than  in  the  previous  work.  Again  we 
see  that  the  transitions  are  specified  only  in  terms  of  the  princi- 
pal quantum  numbers  of  the  connecting  levels. 

In  Fig.  21  we  see  about  the  most  careful  spectroscopic  work 

21 

that  has  been  done  in  the  visible  part  of  the  spectrum;  the 

limitation  on  the  quality  of  the  spectroscopic  data  is  quite  obvious. 

The  problems  of  wavelength  resolution  become  much  simpler  at  the 

short  wavelength  end  of  the  spectrum.  This  is  because  the  Doppler 

effect  is  roughly  proportional  to  the  wavelength. 

22 

In  Fig.  22  we  see  some  data  taken  with  a home-built  grazing- 
incidence  spectrometer  on  the  element  oxygen.  The  wavelengths  are 
now  in  the  vicinity  of  a couple  of  hundred  angstroms.  You  see  that 

O 

the  line  width  is  down  to  1.2  A which  is  not  very  good,  but,  in  this 

case,  results  from  the  design  of  the  spectrometer  itself  rather  than 

from  the  Doppler  effect.  In  fact,  in  some  other  work  on  silicon  dis- 
23 

cussed  below,  it  has  been  possible  to  obtain  a line  width  of  only 

O 

0.15  A in  the  grazing-incidence  region. 

Two  other  features  of  Fig.  22  deserve  mention.  One  is  that 

the  relative  intensities  of  the  lines  cannot  be  accounted  for  at 

v 

the  present  time.  We  have  absolutely  no  idea  as  to  why  some  transi- 


tions are  prominent  and  others  not,  either  in  this  spectrum  or  in  any 
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other.  The  other  feature  is  that  here  at  5 MeV  with  oxygen  we  could 

produce  charge  5+,  that  is  to  say  0 VI.  Just  a moment  ago,  however, 

we  saw  that  5 MeV  krypton  gave  us  Kr  IX.  It  becomes  increasingly 

difficult  to  remove  the  inner  electrons  of  even  the  light  elements, 

although  it  is  fairly  simple  to  strip  off  a large  number  of  electrons 

from  the  heavy  elements.  Figure  23  also  shows  this  effect.  It  is  a 
22 

sample  of  data  from  fluorine  at  4 MeV.  We  see  several  lines  from 
F VII,  the  lithium-like  structure,  just  as  0 VI  represented  three- 
electron  oxygen.  However,  the  helium-like  system  cannot  be  excited 
at  this  bombarding  energy. 

Fluorine  shows  a veritable  forest  of  lines  in  the  extreme 

vacuum  ultraviolet  and  it  is  clear  that  there  is  a great  wealth  of 

22 

data  which  can  be  explored.  For  argon,  which  we  see  in  Fig.  24, 
the  spectrum  is  so  rich  in  lines  that  wavelength  resolution  is  once 
again  starting  to  be  a serious  problem. 

Transitions  with  short  wavelengths  differ  in  an  important  res- 
pect from  those  at  long  wavelength.  The  short  lines  link  states 
the  lower  of  which  are  close  to  the  ground  term.  Consequently,  one 
now  has  the  opportunity  to  determine  real  spectroscopic  information 
about  the  excited  system,  whereas  the  lines  of  long  wavelength  tend 
to  connect  only  Rydberg  levels. 


Figure  25  shows  some  silicon  data  taken  with  quite  high  spec- 

23 

troscopic  resolution,  again  in  the  grazing-incidence  region. 
Working  at  20  and  42  MeV,  we  were  able  to  associate  many  of  our 
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lines  with  high-resolution  data  obtained  with  standard  spectro- 

O 

scopic  sources.  The  very  strong  Si  X line  at  348  A is  prominent 

2 2 o 

In  the  solar  corona  and  comes  from  a 0-0°  configuration.  The 

O 

weak  features  around  360  A remain  unidentified.  The  very  strong 
line  in  Fig.  25  and  the  one  to  the  right,  unfortunately  taken  with 
different  resolving  powers,  are  quite  interesting  in  that  they  come 
from  sodium-like  iron,  that  is,  11-electron  iron.  They  are,  in 
fact,  the  sodium  D-lines,  but  instead  of  occurring  at  5890  and 

O 

5896  A as  in  the  case  for  neutral  sodium,  we  find  then  in  the 
vicinity  of  350  A. 

Figure  26  shows  some  data  obtained  on  copper  at  two  different 
24 

bombarding  energies.  The  spectrometer  used  in  this  experiment 

O 

was  a Seya-Namioka,  which  gave  us  a line  width  of  15  A.  Of  course 

o 

you  can  cover  a lot  of  territory  within  15  A.  Nonetheless  one  sees 
that  there  are  a great  number  of  discrete  spectral  features  and 
that  there  are  significant  changes  in  the  spectrum  as  one  goes  from 
16  to  30  MeV,  even  though  the  change  in  particle  velocity  is  only 
40%.  Copper  v/as  a nice  element  to  work  with  because  the  beam  inten- 
sity was  high  and  the  wavelength  regions  we  explored  were  largely 

unknown  to  spectroscopy.  It  is  very  inviting  to  think  of  returning 

25 

to  this  element  with  a better  spectrometer. 

24 

Figure  27  shows  similar  data  for  iron  at  two  different 
energies.  I display  this  primarily  to  show  the  great  range  of 
particle  energies  over  which  beam-foil  experiments  are  now  being 
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26 

conducted.  In  Fig.  28  we  see  some  additional  work  on  iron  but 
in  a shorter  wavelength  region  and  with  much  better  resolving  power 
than  was  used  on  the  other  experiment.  Here  at  35  MeV  we  see  that 
we  have  identified  lines  coming  from  Fe  XVI,  that  is,  15  times  ion- 
ized iron,  whereas  Fig.  25  on  silicon  at  40  MeV  showed  only  Si  X. 
Again  we  see  that  the  more  complicated  the  element  the  easier  it  is 
to  strip  off  and  excite  many  of  the  outer  electrons. 

Figure  29  illustrates  the  best  resolving  power  that  we  were 
able  to  use  for  the  case  of  iron,  the  principal  limitation  here 
being  that  the  beam  was  quite  low.  It  was  only  about  10"  of  the 
copper  beam  for  example,  and  we  frequently  dealt  with  less  than  a 
particle  nanoamp.  While  it  is  encouraging  that  one  can  get  data 
with  such  small  currents,  it  is  obvious  that  one  could  do  much 
better  with  better  ion  sources  for  the  accelerators. 

Now  I mentioned  earlier  that  a lot  of  the  spectral  features 

originate  in  states  of  rather  large  principal  quantum  number.  The 

orbits  for  the  electrons  are  all  so  large  that  all  the  electron 

sees  is  the  Coulomb  field  of  the  core.  Consequently,  the  states 

and  the  transitions  are  essentially  independent  of  the  specific 

nature  of  the  element  or  ion  and  the  system  behaves  like  the  Bohr 

model  of  the  hydrogen  atom.  Among  other  things,  this  means  that 

the  spectral  distributions  look  pretty  much  the  same  as  one  goes 

24 

from  element  to  element.  A good  example  appears  in  Fig.  30.  Here 
we  display  16  MeV  copper  and  iron.  Although  there  are  a few 
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differences  In  relative  intensities  in  these  patterns,  it  is  clear 

that  there  is  a striking  identity.  Most  of  these  lines  are  the  so- 

called  "Rydberg  lines",  which  correspond  to  electron  jumps  of  1 or 

24 

2 units  of  principal  quantum  number.  Figure  31  shows  a similar 
comparison  for  iron  and  copper  but  in  a shorter  wavelength  region. 
Here  we  find  that  the  spectra  start  to  exhibit  differences,  along 
with  some  similarities.  The  differences,  of  course,  reflect  the 
specific  character  of  the  iron  or  the  copper,  whereas  the  similari- 
ties are  indicative  only  of  Rydberg  transitions. 

24 

Figure  32  summarizes  our  preliminary  results  on  the  structure 
of  iron.  On  the  left  hand  part  of  Fig.  32,  we  have  drawn  the  tran- 
sitions with  An  = 1 which  we  detected;  it  is  comforting  to  note  that 
if  we  made  the  claim  that  we  saw  the  12  to  11  jump,  we  also  saw  11 
to  10,  and  so  forth,  all  the  way  on  down  the  line  within  the  wave- 
length range  of  our  experiment.  In  the  middle  portion  of  Fig.  32 
we  see  the  An  = 2 transitions  and,  at  the  right,  there  are  An  = 3 
lines. 

Clearly,  the  beam-foil  source  populates  levels  with  fairly 
high  values  of  principal  quantum  number.  We  have  seen  in  the  ex- 
ample of  iron  that  the  spectral  data  are  useful  for  providing  infor- 
mation about  the  level  structures  of  various  stages  of  ionization. 

Of  course  in  the  work  shown  on  iron,  the  levels  themselves  were  not 
particularly  interesting  because  they  were  levels  with  very  large 
values  of  n and  therefore  did  not  contain  any  detailed  information 
about  the  electronic  systems.  In  other  cases,  especially  for  the 
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lighter  elements,  we  have  found  it  possible  to  construct  level 

schemes  where  none  was  previously  known.  For  example.  Fig.  33 
27 

shows  the  case  of  Ci  VII.  The  spectral  lines  which  are  shown  on 

the  slide  are  those  we  detected  in  the  beam-foil  experiments.  It 

Is  worth  pointing  out  that  only  the  two  lowest  of  these  lines  had 

ever  been  seen  in  other  kinds  of  spectroscopic  work  on  chlorine. 

This  entire  level  scheme  was  then  constructed  on  the  basis  of  our 

observations  and  calculations.  A similar  level  scheme  is  shown  in 

2r_->o 

Fig.  34  for  the  case  of  S VI.  Thus  it  is  quite  apparent  that 
the  beam-foil  source  can  play  an  important  part  in  clarifying  the 
level  scheme  for  multiply-ionized  systems  which  have  previously 
been  explored  only  rather  incompletely,  if  at  all. 

As  one  goes  through  the  calculations  which  transform  the  ob- 
served wavelengths  into  the  positions  of  levels,  one  finds  that 
there  are  various  correction  factors  which  have  to  be  incorporated 
into  the  calculations  because  there  may  be  polarization  of  the  core 
or  shielding  factors  which  introduce  deviations  from  a simple 
Coulomb  field.  Thus  the  level  positions  vary  as  one  goes  along 

15 

an  isoelectronic  sequence.  Figure  35  shows  the  smooth  behavior 
of  certain  levels  in  the  Mg  I sequence.  Since  this  kind  of  re- 
duction of  the  data  must  be  carried  out  for  all  terms  in  all  iso- 
electronic sequences,  you  can  see  that  the  total  amount  of  labor 
Involved  is  enormous. 

Up  to  now,  I have  discussed  only  rather  ordinary  kinds  of 
transitions.  However,  the  beam-foil  source  populates  kinds  of 


- • . 


i 


I 

I 


20- 


levels  which  rarely  make  their  appearance  in  other  light  sources. 

These  levels  make  their  presence  known  in  terms  of  spectral  lines 

which  cannot  be  fitted  into  a standard  level  scheme.  An  example 

31 

appears  in  Fig.  36  where  we  see  the  spectrum  of  lithium.  The 
lines  which  are  labeled  with  the  letters  A,  B,  C,  and  D and  which 
are  quite  strong  cannot  be  accounted  for  in  terms  of  the  ordinary 
level  structure  of  lithium.  However,  one  can  explain  these  lines 
in  terms  of  transitions  between  levels  in  which  two  electrons  are 
simultaneously  excited.  Because  the  beam- foil  source  is  a pro- 
lific generator  of  these  multiply-excited  systems,  a lot  of  attention 
has  been  paid  to  them.  Figure  37  shows  the  structure-^”  * for  the 
two-electron,  doubly-excited  system  in  helium.  You  will  notice  that 
the  lowest  term  in  this  picture  is  considerably  above  the  ionization 
level  for  helium,  but  there  are  still  many  discrete  states  which  are 
connected  by  the  spectral  lines.  This  situation  is  quite  familiar 
in  nuclear  physics,  where  one  has  countless  discrete  states  well 
above  the  energy  at  which  one  or  more  particles  can  be  evaporated 
from  the  nucleus  and  whose  presence  is  detected,  for  example,  by 
gamma  rays  which  connect  these  high-lying  states  to  lower  ones.  It 
is,  however,  surprising  to  find  that  the  Coulomb  field,  which  is 
far  weaker  than  the  nuclear  field,  also  accommodates  a large  number 
of  bound  structures  well  above  the  ionization  limit. 

I come  now  to  the  measurement  of  a lifetime.  As  you  know,  the 
method  is  to  set  the  spectrometer  on  a single  spectral  line  and  to 
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measure  the  intensity  of  that  line  as  a function  of  distance  down- 
stream from  the  excited  foil.  An  example  of  the  data  one  can  ob- 
35 

tain  is  shown  in  Fig.  38.  The  intensity  of  this  line  in  Be  II 
Is  plotted  on  a semi-log  scale;  over  a range  of  about  a factor  of 
50  in  intensity,  the  decay  is  quite  exponential  in  character.  From 
the  slope  of  this  line  and  the  known  particle  velocity,  one  deduces 
the  mean  life  of  the  parent  level,  which,  in  this  case,  is  about  two 
nanoseconds.  I might  remark  in  passing  that,  using  the  beam-foil 
source,  my  colleagues  and  I measured  the  first  lifetime  ever  ob- 
tained when  the  associated  radiation  was  in  the  vacuum  ultraviolet 

and  also  the  first  for  which  the  radiating  system  was  multiply- 
36 

ionized.  These  substantial  achievements  should  be  kept  in  mind 
as  I proceed  to  talk  about  some  of  the  problems  that  are  associated 
with  the  deduction  of  lifetimes  from  measured  decay  curves. 

Among  the  problems  one  encounters  is  the  non-linearity  of  the 
decay  curve  on  a semi -log  plot.  The  situation  is  nicely  illustrated 
in  Fig.  39,  where,  in  (a),  we  see  a very  good  exponential  decay 
curve  from  0 V.  Here,  the  observed  range  of  intensities  was  over 
a factor  of  20.  In  Fig.  39  (b)  is  a different  case."^  Here  there 
is  a fair  amount  of  curvature  in  the  early  part  of  the  decay  curve, 
and,  in  fact,  the  curvature  is  concave  downward.  This  behavior  is 
interpreted  as  originating  in  a feeding  of  the  level  which  is  under 
direct  observation  by  cascade  from  a higher  level.  Moreover,  the 
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hlgher  level  actually  has  a shorter  lifetime  than  the  one  being 

studied.  Usually,  the  lifetimes  get  longer  as  one  goes  to  higher 

and  higher  excitation;  the  effect  of  this  appears  in  Fig.  39  (c), 

where  we  see  curvature  that  is  concave  upwards  and  is  attributed 
38 

to  cascades. 

By  decomposing  the  data  into  a sum  of  exponentials  and  also 

accounting  for  background,  one  can  determine  the  mean  lives  of  the 

cascading  level  or  levels,  as  well  as  the  mean  life  of  the  level 

being  observed.  Although  that  procedure  is  straightforward  it  is 

39 

not  unambiguous.  For  example.  Fig.  40  shows  some  decay  data 
for  Ti  II.  On  the  right  we  see  two  different  decay  curves  for  a 
particular  level.  These  decay  curves  were  taken  with  different 
velocities  so  as  to  make  sure  that  the  curves  scale  properly.  They 
do  indeed,  and  these  straight  line  decays  give  a lifetime  of  about 
7 nanoseconds  for  this  particular  level.  On  the  left,  we  see  the 
decay  curve  for  another  level  in  Ti  II;  here  there  is  marked  curva- 
ture. The  standard  interpretation  of  this  figure  is  that  the  level 
In  question  was  populated  by  cascade  from  a higher  level.  However, 

I believe  that  there  is  good  reason  to  doubt  this  interpretation  of 
the  curvature. 

If  we  look  at  Fig.  41  we  see  the  level  scheme  for  Ti  II.  The 
4 o 

level  labeled  z G is  the  one  for  which  the  decay  was  clearly  ex- 
ponential. However,  this  level  is  alsc  fed  by  cascade  from  at  least 

4 

one  higher  level.  On  the  other  hand,  the  e G term,  which  is  quite 
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close  to  the  ionization  level  and  into  which  there  is  hardly  any 
level  at  all  that  could  cascade,  is  the  one  which  shows  the  curva- 
ture! Consequently.it  seems  to  me  to  be  wrong  to  interpret  the 
curvature  of  the  intensity  variation  as  coming  from  cascades.  More- 
over, the  fact  that  a level  into  which  cascades  are  known  to  take 
place  actually  exhibits  an  exponential  decay  suggests  that  where 
cascades  occur  in  fact  they  are  of  little  significance.  A similar 
situation,  even  more  striking,  is  illustrated  in  Fig.  42.  Here 
we  show  a low-lying  level  in  N V.  It  is  fed  by  cascades  from  at 
least  a dozen  other  terms,  but,  as  you  can  see  from  the  decay  data40 
which  appear  in  the  figure,  the  decay  curve  is  quite  exponential. 

On  the  other  hand,  the  high-lying  level  indicated  in  the  figure 
gives  decay  data  which  exhibit  considerable  curvature. 

4! 

Still  another  example  appears  in  Fig.  43.  The  upper  curve 
is  from  the  decay  of  a low-lying  term  in  S IV;  it  is  strictly  ex- 
ponential over  an  intensity  range  of  about  a factor  of  10.  On  the 

other  hand,  the  marked  curvature  of  the  bottom  curve  comes  from  a 

42 

transition  which  Martinson  has  just  identified  as  coming  from  a 

high-lying  level  of  S V;  this  curvature  is  just  like  that  of  the 
other  terms  we  saw  in  the  previous  examples  for  which  curvature 
was  so  apparent. 
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If  we  consider  the  nature  of  those  high-lying  levels,  recall 
that  they  are  Rydberg  levels.  That  is  to  say,  they  are  character- 
ized by  a principal  quantum  number,  and  contain  a large  number  of 
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quasi-degenerate  states  having  different  t-values.  As  a result,  what 
the  spectroscopy  gives  is  a blend  of  very  closely  spaced  lines  com- 
ing from  levels  with  a large  number  of  different  lifetimes.  It  is 
my  belief  that  the  curvature  which  characterizes  these  high-lying 
terms  comes  simply  from  this  mixture  of  Jl-states,  that  is  to  say,  a 
blend  of  the  spectral  lines  that  are  associated  with  the  decays  of 
the  individual  t-states,  rather  than  from  cascades. 

Now  it  is  one  thing  to  make  a suggestion  of  this  nature  and  it 
Is  another  to  give  quantitative  evidence  that  the  suggestion  is 
correct.  We  have  carried  out  two  different  kinds  of  investigations 
In  order  to  clarify  the  situation.  In  the  first  instance,  I pointed 
out  that  if  there  truly  is  a mixture  of  £-states  with  various  life- 
times, the  application  of  a small  electric  field  would  introduce 
Stark  mixing  of  those  levels.  Therefore,  what  Condon  and  Shortley 
refer  to  as  the  average  mean  life  of  the  term  would  be  markedly  re- 
duced. The  idea  then  is  that  one  observe  the  intensity  of  one  of 
these  spectral  lines  with  and  without  an  external  field.  If  there 
Is  Stark  mixing  of  any  ^-degenerate  levels,  the  intensity  of  the 
line  should  be  markedly  affected  by  the  presence  of  the  field.  Now 
whether  the  line  intensity  declines  or  increases  depends  on  such 
factors  as  the  speed  of  the  beam,  where  one  looks  relative  to  the 
excited  foil,  the  strength  of  the  electric  field,  and  the  intrinsic 
character  of  the  level,  but  the  point  is  that  a field-dependent  in- 
tensity is  sufficient  evidence  that  the  level  is  a Rydberg  level. 


-25- 


43 

The  first  data  along  these  lines  were  taken  by  Jack  Leavitt 
of  the  Arizona  Laboratory.  He  applied  an  electric  field  parallel 
to  the  beam  so  as  to  avoid  any  geometrical  effects  that  would  occur 
from  bending  of  the  beam  towards  or  away  from  the  spectrometer. 

Some  of  his  results  appear  in  Fig.  44.  On  the  upper  part  of  Fig.  44 
we  see  some  spectral  lines  in  neon.  The  very  strong  line  had  been 
previously  identified  as  being  a Rydberg  line  coming  from  transi- 
tions between  n = 8 and  n = 7.  The  upper  part  of  the  figure  rep- 
resents data  taken  in  the  absence  of  an  electric  field.  On  the 
lower  part,  we  see  the  result  of  putting  on  an  electric  field  of 
about  30  kV/cm.  It  is  immediately  obvious  that  that  strong  Rydberg 
line  has  been  quenched  relative  to  the  other  lines  in  this  part  of 
the  spectrum;  it  is  therefore  shown  without  any  question  that  there 
is  A- degene racy,  that  there  is  Stark  mixing,  and  that  any  decay 
curve  taken  on  this  particular  line  must  show  curvature.  That 
curvature,  however,  has  absolutely  nothing  to  do  with  feeding  of 


the  level  of  interest  by  cascade. 
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Similar  work  has  been  done  by  Leavitt  on  krypton  and  oxygen 
and  in  every  case  where  the  term  was  of  the  Rydberg  character,  this 
phenomenon  of  quenching  was  displayed.  This,  I believe,  truly 
accounts  for  most  of  the  curvature  seen  in  beam-foil  lifetime  data. 

That  is  not  to  say,  of  course,  that  cascading  never  occurs.  It 
obviously  occurs  for  low-lying  levels.  Just  by  way  of  example,  we 
have  seen  the  Lyman  lines  in  hydrogen  and  also  the  Balmer  lines; 
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that  is  proof  enough  that  there  is  cascading.  However,  the  fact 
seems  to  be  that  a cascade  contribution  to  a decaying  term  is  so 
small,  partly  because  the  population  of  the  upper  level  is  less 
than  that  of  the  lower  term,  and  partly  because  the  relative  life- 
times of  the  two  terms  are  quite  different,  that  the  influence  of 
cascades  is  almost  negligible. 

Leavitt  and  Dietrich  also  carried  out  a different  type  of 

45 

attack  on  this  problem  of  cascades.  They  used  the  technique  of 
3 4 

refocusing  ’ so  as  to  get  as  narrow  a line  shape  as  possible. 

They  considered  a system,  N V,  for  which  they  could  resolve  the 
various  L-states  and  for  which  there  are  good  calculations  of  level 
lifetimes.  They  then  made  standard  type  observations  on  the  decay 
curves,  sometimes  on  these  resolved  lines  and  sometimes  on  lines 
which  resulted  from  a deliberate  blending  of  levels.  That  blending 
is  easily  accomplished  just  by  opening  the  spectrometer  slits  a 
little  bit.  Figure  45  shows  one  result.  Here  we  see  the  decay  of 
a level  excited  with  5 MeV  nitrogen.  The  line  intensity  was  fol- 
lowed over  a range  of  about  a factor  of  100  and  impeccable  data 
were  obtained  at  every  point  along  the  curve.  This  curve  was  then 
treated  as  a sum  of  exponentials;  the  primary  and  two  secondary 
lifetimes  were  determined.  In  Fig.  46,  we  have  a summary  of  the 
cases  which  were  investigated.  For  these  nine  successive  values 
of  n and  some  30  different  t-states  in  all,  measurements  were  made 
with  the  care  displayed  on  that  previous  slide.  At  each  place 
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where  an  X appears,  a measurement  was  made.  Two  or  three  X's  mean 
that  there  were  two  or  three  different  modes  of  decay,  each  of  which 
was  observed  independently  and  from  which  a lifetime  was  found.  The 
numbers  on  these  particular  levels  are  the  theoretical  lifetimes 
as  calculated  according  to  the  Coulomb  approximation. 

Figure  47  summarizes  some  of  the  results.  Let  us  look,  for 
example,  at  the  6 F level,  which  was  seen  in  decays  to  both  5 D 

and  4 D.  You  see  that  the  lifetime,  measured  from  the  6 S to  5 D 

transition,  was  found  to  be  0.41  nanoseconds,  whereas  it  was  0.46 
nanoseconds  in  the  6 F + 4 D decay.  These  values  are  in  good  agree- 
ment within  the  experimental  errors,  and  they  compare  not  too  badly 

with  the  theoretical  value.  The  experimental  number  is  a bit  longer 
than  the  theoretical  number  but  that  is  not  an  uncharacteristic  re- 
sult of  this  type  of  experiment.  Now  let  us  take  a look  at  the  6 G 
lifetime,  which  is  found  to  be  0.72  nanoseconds,  in  comparison  with 
the  theoretical  calculation  of  0.64  nanoseconds.  Again,  the  agree- 
ment is  not  too  bad.  If,  however,  we  open  the  slits,  the  light 
from  the  6 F and  6 G levels,  with  wavelengths  which  differ  by  only 

O 

1.5  A,  is  accepted  by  the  spectrometer  as  a single  line.  Then  one 
has  this  last  entry  of  4DF  - 6FG,  and  one  gets  a so-called  "lifetime" 
of  0.67  nanoseconds.  Also,  the  decay  data  are  quite  curved,  with  an 
apparent  cascade  contribution  with  a lifetime  of  0.51  nanoseconds. 
Thus  it  is  clear  that  these  numbers  from  blended  lines  have  little 
physical  significance.  It  is  safe  to  conclude  from  these  studies 
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that  curvature  to  any  significant  degree  is  almost  certainly  asso- 
ciated with  Rydberg  terms  where  there  is  degeneracy  and  that  the  so- 
called  "lifetimes"  that  are  found  from  such  curves  are  not  very 
useful.  On  the  other  hand,  Leavitt  did  find  that  there  might 
still  be  some  curvature  for  isolated  lines  because  one  does  at 
least  have  background.  There  is  also  some  cascading,  of  course. 
However*,  for  the  isolated  lines,  the  lifetimes  which  are  found  from 
the  early  part  of  the  decay  curves  are  quite  respectable.  Figure 
48  is  a summary  of  the  lifetime  measurements  for  the  30  or  so  dif- 
ferent terms  investigated  in  this  very  careful  experiment. 

Still  another  interesting  result  came  from  this  particular 
work.  One  can  adopt  a model  which  describes  how  levels  are  ex- 
cited. A popular  model,  for  example,  is  one  in  which  the  level 

_3 

population  falls  off  as  n . One  can  then  use,  let  us  say,  "theo- 
retical lifetimes",  in  order  to  construct  the  decay  curve  for  some 
particular  level.  One  can  then  compare  that  decay  curve  with  an 
observed  decay  curve  to  see  whether  the  model  gives  agreement  with 
the  data.  Figure  49  shows  just  such  a comparison.  The  upper  curve 
has  been  calculated  on  the  assumption  that  the  level  population 

_3 

falls  off  as  n , whereas  the  lower  curve  shows  the  experimental 

_3 

result.  It  is  apparent  that  the  n distribution  gives  a much 
larger  contribution  to  the  cascading  process  than  is  actually  ob- 
served. Therefore,  we  can  conclude  from  this  experiment  that  the 

_3 

level  population  declines  faster  than  n and  it  must  be  at  least 
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partly  for  this  reason  that  the  cascade  contributions,  where  they  do 
exist,  are  relatively  small  and  unimportant. 

There  are  a number  of  different  applications  for  the  lifetime  ex- 
periments. It  is  often  convenient  to  talk  not  in  terms  of  lifetime  or 
transition  probability  but  oscillator  strength,  a quantity  which  is 
directly  proportional  to  the  transition  probability.  Various  workers 
like  Sinanoglu,  Andy  Weiss,  Wiese,  and  others  have  calculated  os- 
cillator strengths  as  a function  of  position  along  an  isoelectronic 

sequence.  This  has  been  done  for  many  different  types  of  transitions. 

46 

Wiese  and  his  associates  in  particular  have  shown  that  these  oscil- 
lator strengths  exhibit  smooth  variations  with  Z so  that  one  can 
Interpolate  or  extrapolate  into  regions  where  neither  calculations 
nor  experiments  have  been  carried  out.  However,  it  is  necessary  to 
do  a fair  amount  of  work  in  order  to  establish  the  particular  kind  of 
trend. 

46 

Figure  50,  for  example,  shows  an  interesting  case  in  the  B I 
sequence.  In  the  vicinity  of  carbon,  there  is  destructive  inter- 
ference between  two  levels.  This  gives  a decrease  in  the  oscillator 

46 

strength,  so  that  there  is  a dip  in  the  curve.  A different  case 

Is  shown  in  Fig.  51,  where  there  is  an  obvious  maximum  to  the  curve. 

I might  say  that  practically  all  of  the  data  in  Figs.  50  and  51  comes 

from  beam-foil  experiments. 
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Figure  52  shows  a much  smoother  dependence  on  Z with  neither 

46 

a maximum  nor  a minimum.  Figure  53  illustrates  very  nicely  the 
importance  of  experiment,  because  here  we  have  several  different 
kinds  of  calculations.  The  experimental  values  show  that  only  one 


There  Is  another  important  application  of  lifetime  data,  to 

47 

quantum  electrodynamics.  In  that  field  Marrus  and  his  colleagues 
have  worked  on  the  decays  in  1 and  2 electron  systems  of  very  high 
Z.  They  have  seen  a variety  of  forbidden  decays,  and,  in  general, 
have  measured  lifetimes  in  agreement  with  QED.  However,  there  is 
an  anomaly  for  the  cases  of  C£^+  and  Ar^+.  Still  another  appli- 
cation of  lifetime  data  is  to  determine  the  abundance  of  the  ele- 


ments in  the  Galaxy.  A most  important  contribution  in  the  latter 

48 

case  has  been  the  work  on  iron,  where  it  was  shown  that  the  iron 
abundance  in  the  sun  is  actually  some  ten  times  greater  than  was 
thought  to  be  the  case  on  the  basis  of  oscillator  strengths  de- 
rived from  standard  spectroscopic  experiments.  Finally,  lifetime 
measurements  have  considerable  significance,  even  for  light  ele- 
ments but  especially  for  the  metals,  in  connection  with  the  operation 
of  hot  plasmas  in  controlled  thermonulcear  reactors,  the  reason 
being  that  such  elements  are  contaminants  which  adversely  affect 
plasma  behavior.  « 

Problems  for  the  immediate  future  include  finding  a way  of  nar- 
rowing the  line  widths  so  that  better  spectroscopy  can  be  done  with 
the  beam- foil  source.  A possible  way  of  doing  this  is  to  cross  the 
Ion  beam  with  a laser,  and  to  use  Doppler  tuning  to  bring  the  laser 
line  into  coincidence  with  the  transition  wavelength  between  a 
level  in  the  beam  and  some  higher  one.  Presumably  one  could  thereby 
eliminate  all  the  effects  of  Doppler  broadening. 
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A second  problem  is  to  improve  the  lifetime  determinations,  and, 
especially,  to  find  out  to  what  extent  the  measurements  are  affected 
by  cascades.  This,  too,  could  be  approached  with  laser  excitation, 
for  one  would  then  be  able  to  excite  some  level  without  having  it 
repopulated  from  higher  terms. 

Thirdly,  one  would  like  to  extend  measurements  to  highly-ionized 
metal  atoms  so  as  to  provide  numbers  of  interest  in  the  CTR  work. 

At  the  same  time,  one  opens  the  possibility  of  looking  at  rela- 
tivistic effects  in  the  level  structures  and  decay  probabilities 
In  such  systems. 

A great  deal  remains  to  be  done  towards  understanding  the  beam- 
foil  interaction,  especially  from  the  theoretical  side.  As  noted 
In  my  paper,  there  is  now  no  way  of  accounting  for  relative  line  in- 
tensities. Finally,  there  are  prospects  for  observing  Zeeman  split- 
tings and  for  measuring  hyperfine-structure  separations. 
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FIGURE  CAPTIONS 

1.  Experimental  arrangement  for  beam-foil  work.  A Meinel  spectro- 
graph is  indicated  as  the  optical  analyzer. 

2.  A beam  of  nitrogen,  with  an  energy  of  2 MeV,  moves  from  right  to 
left.  The  interior  of  the  target  chamber  is  viewed  through  a 
transparent  window.  The  vertical  streak  of  light  is  reflected 
from  the  foil  holder;  the  horizontal  streak  is  from  the  particle 
beam,  rendered  self-luminous  by  its  passage  through  the  carbon 
foil. 

3.  Three  spectrograms  of  nitrogen  at  different  particle  energies, 

a (top):  0.5  MeV;  b (middle):  1.0  MeV;  c (bottom):  2.0  MeV. 

4.  Origin  of  Doppler  slant  of  spectral  lines.  The  beam  was  hydro- 
gen. The  line  displayed  is  H^. 

5.  Doppler  broadening  from  the  finite  acceptance  angle  of  the 
spectrometer. 

6.  Illustration  of  refocusing. 

7.  Results  of  refocusing.  The  lines  are  from  N IV,  generated  with 
4 MeV  N. 

8.  Method  of  intensity-enhancement. 

9.  Intensity-enhancement  data. 

+ ?+ 

10.  Field-separated  beams  of  N and  N to  identify  charge-states. 

11.  Result  of  spectroscopic  study,  with  a Meinel  spectrograDh,  of 
field-separated  beams  of  N+,  N2+,  and  N3+. 
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12.  Illustration  of  Doppler-shift  method  of  identifying  charge 
states. 

13.  Doppler-shift  data  for  identifying  charge  states, 

14.  , Another  example  of  Doppler-shifted  data  for  identifying  charge 

states. 

15.  Spectrogram  of  He,  showing  "breaks"  in  certain  spectral  lines. 

16.  Field-induced  quantum  beats  in  He  II  spectral  lines. 

17.  Beam- foil  spectrum  of  230  keV  Cr. 

18.  Beam-foil  spectrum  of  Pb  at  low  energy. 

19.  Beam- foil  spectrum  of  2 MeV  Kr. 

20.  Beam- foil  spectrum  of  5 MeV  Kr. 

21.  Example  of  "high-resolution"  beam-foil  spectroscopy  on  Kr. 

22.  Beam-foil  spectrum  of  oxygen,  observed  in  the  region  of  grazing- 
incidence. 

23.  As  in  Fig.  22,  but  for  fluorine. 

24.  As  in  Fig.  22,  but  for  argon. 

25.  High  resolution  spectrum  of  40  MeV  silicon  in  the  grazing- 
incidence  region. 

26.  Beam-foil  spectra  of  Cu  at  16  and  30  MeV.  Here  the  line  width 

O 

was  15  A. 

27.  As  in  Fig.  26,  but  for  Fe  at  16  and  110  MeV. 

28.  As  in  Fig.  27  in  a different  wavelength  region. 

29.  High-resolution  spectrum  of  35  MeV  Fe. 

30.  Comparison  of  16  MeV  Cu  and  Fe  spectra. 


31.  As  In  Fig.  30  in  a different  wavelength  region. 

32.  Summary  of  preliminary  analysis  of  Fe  data,  indicating  a 
large  number  of  Rydberg  transitions  were  seen. 

33.  Level  structure  of  CS,  VII,  as  deduced  from  beam- foil  spectro- 
scopy. 

34.  As  in  Fig.  33,  but  for  S VI. 

35.  Variation  with  Z of  some  level  energies  along  Mg  I isoelectronic 
sequence. 

36.  Beam-foil  spectrum  of  Li.  The  letters  indicate  lines  from 
transitions  originating  from  doubly-excited  levels. 

37.  Levels  of  doubly-excited  He. 

38.  Beam-foil  decay  data  for  a line  in  Be  II. 

39.  Examples  of  decay  data  seen  in  beam-foil  work. 

a)  exponential 

b)  cascade  effect  where  cascade  contributor  is  shorter- 
lived  than  level  of  interest 

c)  cascade  effect  where  cascade  contributor  is  longer-lived 
than  level  of  interest 

40.  Decay  data  for  different  levels  in  Ti  II. 

41.  Level  scheme  for  Ti  II. 

42.  Level  scheme  and  some  decay  data  for  N V. 

43.  Decay  data  from  (a)  S IV  and  (b)  S V. 

44.  Beam-foil  spectra  of  Ne,  (a)  without  applied  field,  (b)  with 
applied  field. 


45.  Decay  data  for  a line  in  N V. 

45 

46.  Summary  of  levels  in  N V studied  by  Leavitt  and  Dietrich. 

47.  Preliminary  analysis  of  some  of  the  decays  in  N V. 

48.  Sunmary  of  preliminary  lifetime  results  for  N V. 

-3 

49.  Comparison  of  decay  curves  as  expected  from  n excitation  de- 
pendence and  as  observed. 

50.  Variation  of  oscillator  strength  of  a transition  in  the  B I 
Isoelectronic  sequence.  Destructive  interference  occurs  near 
C II.  Symbols  from  experiments. 

51.  As  in  Fig.  50,  but  showing  a maximum  near  C II.  Solid  symbols 
and  X's  are  from  experiments. 

52.  As  in  Fig.  50,  but  for  Li  I sequence.  The  behavior  is  monatomic 

\ 

with  1/Z.  Solid  symbols  from  experiments. 

53.  As  in  Fig.  50,  but  comparing  various  calculations  (open  symbols) 
with  experiment  (solid  symbols).  A,  self-consistent  field; 

0,  superposition  of  configurations;  □,  two-configuration  approxi- 
mations. 
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Summary  of  Measurements  of  Mean 
Lives  of  Levels  in  N2!  ( ls2nl ) 
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